Ground motions at sites close to a fault are sometimes affected by forward directivity, where the rupture energy arrives at the site in a form of a very short duration pulse. These pulses impose a heavy demand on structures located in the vicinity of the fault. In this research, a probabilistic seismic demand analysis (PSDA) for a self-centering bridge is carried out. The bridge columns consisted of unbonded, post-tensioned, concrete-filled, fiber-reinforced polymer tubes. A bridge model was developed and non-linear time history analyses were performed. Three different methodologies that used spectral accelerations to predict structural responses were used, and a time-domain approach was used for PSDA. In addition to the three approaches, a time-domain PSDA methodology was also used. The results of the PSDA from the four approaches are compared, and the advantages of using the time-domain methodology are discussed. The results of the PSDA showed that for a site located very close to the fault (6 km in this study), earthquakes having a magnitude (M w ) as small as 6.5 can be significantly hazardous because the periods of pulses generated by small magnitude earthquakes coincide with the periods of the bridge. Since small magnitude events occur with greater frequency than large magnitude events, they can have important contributions to risk.
Introduction
Current practices in the seismic design of structures involves the determination of earthquake loads using seismic hazard analysis, which is commonly performed within the framework of probabilistic seismic hazard analysis (PSHA), and then these loads for structural design are used within the design framework dictated by building codes [1] . The output of a PSHA is mean annual rates of exceedance curves for intensity measures (IM) of ground motion. The designer then selects an acceptable level of risk by selecting a return period of the IM. An alternative approach is to use performance-based seismic design (PBSD), which refers to a framework that allows for structural and non-structural design decisions to be made in terms of the mean annual rate of exceedance of decision variables (DV) such as dollar value of loss, death toll due to collapse, or downtime under different seismic demands. PBSD accounts for all sources of uncertainty in computing exceedance curves for the DV. These computations involve, among other steps, the computation of the mean annual rate of exceedance of parameters that characterize structural response through engineering demand parameters (EDPs). The computation of these exceedance rates is known as probabilistic seismic demand analysis (PSDA) [1].
Background
Forward directivity (FD) occurs when the fault rupture propagates towards the site at a velocity nearly equal to the shear wave velocity; these effects are observed at sites that are located in the direction of rupture propagation. Ground motions affected by FD are different from those recorded far from the fault [2] . In FD ground motions, the energy from the fault rupture arrives at the near-fault site in the form of one or more large pulses, which results in a large seismic demand on a structure [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Near-fault pulse-like ground motions have both higher IM levels than non-pulse ground motions and produce higher responses for the same IM level compared to non-pulse ground motions [2, [13] [14] [15] [16] .
Pereformance-Based Seismic Design
PSDA involves the convolution of the hazard curve for an IM with the fragility curve, which predicts structural responses through EDP in terms of the selected IM. This is expressed as:
where the term dλ is the slope of the mean annual rate of exceedance curve (e.g., the hazard curve) of the IM, and the term P(EDP > x|IM) is the conditional probability of exceeding a given EDP level for a given IM (e.g., the fragility curve). Recently, Sehhati et al. [16] proposed a methodology to account for near-fault effects in the PSDA analysis of multi-story steel frame buildings. They showed that for multi-story structures, the EDPs resulting from ground motions having forward directivity are similar to those resulting from Gabor wavelet pulses when 0.50 < Tp/T 1 < 2.5, where T 1 is the fundamental period of the structure and Tp is the pulse period. Within this range of periods, the structure under consideration could be analyzed using simple pulses, which significantly reduces the analysis cost and time.
Self-Centering Bridges
Under the prevailing capacity design concepts, correctly designed and detailed reinforced concrete (RC) structures are anticipated to exhibit an inelastic response, damage, and permanent drifts at the conclusion of ground motion excitation. These damages require expensive repairs, or even complete replacements, leading to long-term closures of highways.
Research has shown that implementing a self-centering system using an unbonded, post-tensioning, precast construction system can minimize residual displacement and damage to concrete structures as a result of seismic loads [17] . The inelastic deformations are accommodated within the connection itself where a controlled rocking motion occurs (from the opening and closing of the existing gap). Using this concept, the structural element remains elastic with limited damage [18] .
A few researchers have investigated the seismic response of segmental precast post-tensioned (PPT) columns [19] [20] [21] . Tests showed that PPT segmental columns were capable of undergoing large nonlinear displacements without experiencing significant or sudden losses of strength. The nonlinearity resulted from the opening of the gaps between segments rather than material nonlinearity, leading to limited hysteretic energy dissipation. Furthermore, residual displacements and damages were smaller than those corresponding to typical monolithic RC columns. Increasing the post-tensioning force significantly reduced the residual displacement but led to more concrete crushing [22] . Furthermore, to minimize concrete local damage, concrete-filled, fiber-reinforced polymer (FRP) tubes (CFFT) were used. CFFTs is an emerging system for both monolithic and rocking columns [23, 24] .
This study uses the PSDA framework recently proposed by Sehhati et al. [16] to determine the seismic demand on a self-centering concrete bridge located in the near-fault region and subjected to potential FD effects. The results from this PSDA were compared to those from more traditional approaches used to carry out the PSDA analysis for near-fault sites.
Bridge Prototype and Modeling
A bridge having general geometric characteristics similar to those used in the NCHRP Project 12-49 [25] was adopted (Figure 1 ). The bridge had five equal spans of 30.5 m each, with four intermediate bents of 9.8 m, 14.8 m, 16.4 m, and 14.8 m heights, respectively. The superstructure was a cast-in-place concrete box girder with three cells. The RC columns of the bridge in the NCHRP Project 12-49 had a diameter of 1.17 m. For this study, these columns were replaced by precast post-tensioned concrete-filled fiber tube (PPT-CFFT) piers which have self-centering capabilities [26] [27] [28] . In order to come up with PPT-CFFT columns comparable in strength and stiffness to those in the original design, the dimensions of the new column were selected identical to those of the original columns ( Figure 2 ). The chosen FRP had an elastic modulus and tensile strength of 1.5 GPa and 234 MPa, respectively, in the hoop direction. The FRP tube thickness was taken as 15.4 mm. Grade 160 unbonded post-tensioned steel bars were used. An initial post-tensioning force corresponding to a value of 45% of concrete compressive strength (f ' c ) was found to give an initial yield moment and ultimate moment capacity very similar to that of the RC section in the original design. Initial steel stress of 60% of the rebar yield stress was selected, based on the recommendation in the literature [27, 28] . A three-dimensional spine bridge model was developed in SAP2000 ( Figure 3a ). The bridge superstructure was modeled using elastic beam elements passing through the centroid of the superstructure. A cross girder at each bent was modeled using beam elements located at the centroid of the box girder (Figure 3b) . A rigid beam element was used to connect the top of the column to the cross girder [29] . The columns were modeled using beam elements located at the geometric center of each column. Rigid moment connections were used between each column and its foundation, as well as between each column and the corresponding link that was connected to the superstructure. Plastic hinges were selected at the top and bottom ends of each column ( The moment curvature relation along with the axial-force-moment interaction diagram was used to define the plastic hinges. Moment curvature of an unbonded, post-tensioned column is inherently different from conventional RC columns. Hewes and Priestley [30] used an iterative model to calculate the moment-curvature and backbone relationships for an unbonded, post-tensioned column. A similar procedure was used in this paper to determine the moment-curvature of the unbounded, post-tensioned column. The unconfined concrete compressive strength was considered as 27.6 MPa. The confined concrete was modeled using the Samaan et al. [31] model. Grade 160 steel rebar was used for the post-tensioning tendons. The steel had an elastic modulus of 204,774 MPa, a yield stress of 874 MPa, an ultimate stress of 1109 MPa, and an ultimate strain of 10%. The moment curvature analysis was carried out for a given post-tensioning force and different values of applied axial loads. Since there was no clear yielding point for unbonded, post-tensioned columns, a bilinear idealization was used using equal energy concepts. The onset of the post-elastic point was considered as the yielding point. Finally, an axial load-moment interaction diagram was developed and was used as an input in SAP2000 ( Figure 5 ). In order to calibrate the nonlinear behavior of the FRP-CFFT columns, pushover analyses were performed using SAP 2000 on columns identical to those used in the bridge model. The columns had heights of 9.1 m, 13.7 m, and 15.2 m. Each column was subjected to an initial axial load value of 3118 kN. The pushover curves were calculated using the Hewes and Priestley [28] model ( Figure 6 ). The calibrated model of the bridge was then used for the non-linear time history analyses explained later in this paper. In order to calibrate the nonlinear behavior of the FRP-CFFT columns, pushover analyses were performed using SAP 2000 on columns identical to those used in the bridge model. The columns had heights of 9.1 m, 13.7 m, and 15.2 m. Each column was subjected to an initial axial load value of 3118 kN. The pushover curves were calculated using the Hewes and Priestley [28] model ( Figure 6 ). The calibrated model of the bridge was then used for the non-linear time history analyses explained later in this paper. 
Ground Motions and Fault Geometry
For the non-linear time history analyses of the bridge, the ground motions were extracted from a database compiled by Sehhati et al. (2011) that included a set of 27 FD and 27 non-forward directivity (NFD) ground motions. Each ground motion was recorded for earthquakes with moment 
For the non-linear time history analyses of the bridge, the ground motions were extracted from a database compiled by Sehhati et al. (2011) that included a set of 27 FD and 27 non-forward directivity (NFD) ground motions. Each ground motion was recorded for earthquakes with moment magnitudes (M w ) greater than 6.5 and at a source-to-site distance (R) less than 20 km. Only the fault-normal components of these records were used and applied to the bridge in the weak/transverse direction. It was assumed that the weak axis of the bridge was perpendicular to the fault. The maximum bridge drift at the top of the bridge column was selected as the EDP.
A hypothetical vertical strike-slip fault of 240 km length was considered. For simplicity of calculation, it was assumed that the fault was a straight line and the seismicity rate was 1. The earthquake magnitude distribution was assumed to follow a bounded Gutenberg-Richter recurrence law with a beta value of 1.84 (or b = 0.8) and with bounding magnitudes of 5.0 and 8.0. In the Gutenberg-Richter law, the probability of exceedance of any given magnitude decreases exponentially with the magnitude. The longitudinal direction of the bridge was assumed to be parallel to the fault longitudinal axis, as shown in Figure 7 . Four different fault-site distances (6, 11, 16 , and 21 km) were considered in the analyses to investigate the effects of source-to-site distance on the analysis. For each location of the bridge, four different approaches were used for the PSDA. Figure 6 . Comparison of pushover curves from SAP2000 and from Hewes and Priestly [28] model for the three columns after calibration.
For the non-linear time history analyses of the bridge, the ground motions were extracted from a database compiled by Sehhati et al. (2011) that included a set of 27 FD and 27 non-forward directivity (NFD) ground motions. Each ground motion was recorded for earthquakes with moment magnitudes (Mw) greater than 6.5 and at a source-to-site distance (R) less than 20 km. Only the faultnormal components of these records were used and applied to the bridge in the weak/transverse direction. It was assumed that the weak axis of the bridge was perpendicular to the fault. The maximum bridge drift at the top of the bridge column was selected as the EDP.
A hypothetical vertical strike-slip fault of 240 km length was considered. For simplicity of calculation, it was assumed that the fault was a straight line and the seismicity rate was 1. The earthquake magnitude distribution was assumed to follow a bounded Gutenberg-Richter recurrence law with a beta value of 1.84 (or b = 0.8) and with bounding magnitudes of 5.0 and 8.0. In the Gutenberg-Richter law, the probability of exceedance of any given magnitude decreases exponentially with the magnitude. The longitudinal direction of the bridge was assumed to be parallel to the fault longitudinal axis, as shown in Figure 7 . Four different fault-site distances (6, 11, 16 , and 21 km) were considered in the analyses to investigate the effects of source-to-site distance on the analysis. For each location of the bridge, four different approaches were used for the PSDA. 
Probabilistic Seismic Demand Analysis (PSDA) Approaches
The PSDA computations used the annual rate of exceedance of one or more IMs to obtain the annual rate of exceedance of an EDP (λ EDP ). Four different approaches to compute PSDA for the bridge were used during the course of this study. These approaches can be split into two main broad groups, namely, the conventional approach and the time-domain approach. In the ensuing, each of these approaches are discussed in detail.
Conventional PSDA Approach
The conventional PSDA is described by Equation (1). This equation requires the definition of the hazard curve for Sa, and the probability of exceeding an EDP value for a given Sa. In this study, three different approaches to obtain these two functions were applied:
I. The traditional PSDA approach, in which the near-fault directivity effects were purposely ignored. This analysis was conducted as a baseline case for comparison with cases in which near-fault effects were accounted for. The Abrahamson and Silva [32] ground motion prediction equation (GMPE) was used in this study for predicting the Sa. Note that while this GMPE has been largely superseded by more recent GMPEs, the choice of GMPE does not affect the comparison exercise conducted in this paper. The EDP was formulated using a statistical relationship between EDP and IM, obtained using results of non-linear time history analyses of the bridge for near-fault and ordinary (i.e., without directivity effects) ground motions. II. The broadband PSDA approach, in which near-fault directivity effects were accounted for by using a modified GMPE. This study used the modified attenuation models developed by Somerville et al. [2] and Abrahamson [33] . This approach was called the Broadband approach because the selected GMPEs amplified the Sa predictions for near-fault sites in a wide range (i.e., broadband) of periods. The Broadband approach accounted for the effect of near-fault pulses on the IM observed at the site, but it ignored the effect of pulses on EDP for a given IM level.
III. The enhanced broadband approach in which the same GMPE as in the broadband case was used, but the effects of near-fault directivity on EDP were also accounted for. The enhanced broadband approach used different predictive equations for EDP (as a function of IM) for cases when directivity effects were observed and when they were not observed.
Time-Domain PSDA Approach
The time-domain approach proposed by Sehhati et al. [16] extends the enhanced broadband approach by directly using the results of time-domain analyses along with a vector of IMs. The essence of this approach is that for cases when ground motions have pulses, the EDP is predicted using simplified wavelet pulses instead of a correlation with IM. The parameters that characterize the pulse motions are the amplitude and period of the pulse. For this purpose, ground motion scenarios were divided into four cases: non-near-source (non-NS), near-source no pulse (NS-NP), near-source pulse-dominant (NS-P-in), and near-source pulse-non-dominant (NS-P-out). The near-source pulse-dominant case refers to the case when the pulse in the near-source ground motion drives the structural response. This occurs when the period of pulse in the ground motion is within a certain range of the structural period [16] , thus, the EDP of the structure can be predicted using a vector IM (e.g., pulse amplitude, Ap, and pulse period, Tp) and time domain analyses using wavelets. The near-source pulse-non-dominant case refers to scenarios where directivity effects are observed at the site, but the period of the resultant pulse is very different from the period of the structure. In these scenarios, an EDP-IM relationship for forward-directivity ground motions is used for EDP prediction.
Models Required for PSDA
The PSDA methodology that was developed by Sehhati et al. [16] was used in this study. The broadband, enhanced broadband, and time-domain approaches divided the hazard scenarios into forward directivity and non-forward directivity cases; hence, the probability of observing forward directivity ground motion at a given site, due to a given fault scenario, is required to carry out the PSDA. The model proposed by Iervolino and Cornell [34] was used to predict the probability of observing forward directivity at a given site from a given fault scenario.
To carry out the time-domain PSDA, it was required to determine the pulse amplitude (Ap) and pulse period (Tp) at a given site. This study predicted pulse amplitude as a function of peak ground velocity (PGV) from the Bray and Rodriguez-Marek [35] model for distances less than 20 km from the fault. For distances greater than 60 km, a model developed by Abrahamson and Silva [32] was used to predict PGV, and subsequently, pulse amplitudes. For intermediate distances (i.e., between 20 to 60 km), a taper was used to transition between the two models [16] . The Baker [36] model was used to predict the pulse period, Tp. The EDP-S a relationship for both pulse-like and non-pulse-like ground motion was needed for the enhanced broadband approach. The maximum column drift angle resulting from non-linear time history analyses of the bridge structure for FD and NFD ground motions were plotted in Figure 8 as a function of the spectral acceleration of the input ground motion at the fundamental period of the bridge, S a (T 1 ). A power-law relationship was used and a least-square regression was employed to fit a curve that represented the median of the maximum column drift for a given S a . Equation (2) shows the developed relationship:
with standard deviations of the residuals, σ ln , valued at 0.27 and 0.25 for FD and NFD, respectively. As shown in Figure 8 , the medians of the maximum drifts for FD ground motions were higher than those of NFD ground motions for a given S a . This occurred because pulses induced higher nonlinearities in the bridge, resulting in a higher structural demand.
Engineering Demand Parameter-Intensity Measure (EDP-IM) Relationship for Forward Directivity (FD) and Non-Forward Directivity (NFD) Ground Motions
The -relationship for both pulse-like and non-pulse-like ground motion was needed for the enhanced broadband approach. The maximum column drift angle resulting from non-linear time history analyses of the bridge structure for FD and NFD ground motions were plotted in Figure 8 as a function of the spectral acceleration of the input ground motion at the fundamental period of the bridge, ( ). A power-law relationship was used and a least-square regression was employed to fit a curve that represented the median of the maximum column drift for a given
. Equation (2) shows the developed relationship:
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with standard deviations of the residuals, , valued at 0.27 and 0.25 for FD and NFD, respectively.
As shown in Figure 8 , the medians of the maximum drifts for FD ground motions were higher than those of NFD ground motions for a given . This occurred because pulses induced higher nonlinearities in the bridge, resulting in a higher structural demand. 
EDP Versus Pulse Parameter Relationship for Simplified Pulses
A relationship between EDP and pulse parameters (A p , T p ) was required for the time-domain approach. Sehhati et al. [16] showed that for cases when ground motion pulses dominate structural response, a simplified wavelet pulse could be used to capture the response of a structure to the pulse motions. Similarly, in this study Gabor pulses were used to capture the response of the bridge structure to pulse-like motions. The velocity time history of a Gabor pulse is given by the following equation [36] :
where, A is proportional to the amplitude of the wavelet, f p is the prevailing frequency of the signal, ν is the phase angle (i.e., ν = 0 and ν = ±π/2, defining symmetric and anti-symmetric signals, respectively), γ defines the oscillatory character of the signal, and t o is the time of the envelope's peak. In this study, only ν = 0 had been considered, for simplicity. Hence, the only parameters that were required to define the Gabor wavelet pulse were A, f p , and γ. The Baker [36] procedure was used to extract the pulse from FD ground motion, and based on the number of peaks and troughs of the extracted pulses, the parameter γ was set as 3.
Time history analyses of the bridge model were carried out under the effects of different Gabor pulses and forward-directivity ground motions. Figure 9 shows a ratio of computed EDP values (in this case, the maximum column drift angle) for the recorded forward-directivity ground motions and for equivalent pulses. Sehhati et al. [16] observed that for multi-degree-of-freedom structures, the responses to the FD ground motions were equal to the responses to equivalent simplified pulses (i.e., ratio = 1) when 0.5 < T p /T 1 < 2.5 for multi-degree-of-freedom structures. For the bridge under study, this was the case for T p /T 1 < 1.75. For the lower limit on T p /T 1 , the lower limit of 0.5 was adopted from Sehhati et al. [16] . Nonlinear time-history analyses were performed in SAP2000 using simplified Gabor pulses for this range of pulse period and for a range of pulse amplitudes (15 < A p ( cm s ) < 60). Maximum bridge drifts and base shear forces were monitored for all pulses; however, only the former was considered as the EDP. A genetic algorithm (Schmidt and Lipson, 2009) was used to perform a symbolic regression to find the functional form for the maximum drift. The surface (Figure 10) 
Results and Discussion
The results of the PSDA for four different site locations at 6 km, 11 km, 16 km, and 21 km from the fault are shown in Figure 11 . The results of the enhanced broadband approach and the individual contributions from its two components, namely the pulse and non-pulse motions, are shown. Note that the probability of exceedance ( ) of the non-pulse component was higher than those of the pulse component for small drift angles. However, for the non-pulse component decreased with increasing drift angles. The reason for this variation was as follows. Lower values of drift angle could Figure 10 . The EDP response surface of the bridge to simplified Gabor pulses.
The results of the PSDA for four different site locations at 6 km, 11 km, 16 km, and 21 km from the fault are shown in Figure 11 . The results of the enhanced broadband approach and the individual contributions from its two components, namely the pulse and non-pulse motions, are shown. Note that the probability of exceedance (λ EDP ) of the non-pulse component was higher than those of the pulse component for small drift angles. However, λ EDP for the non-pulse component decreased with increasing drift angles. The reason for this variation was as follows. Lower values of drift angle could be exceeded with a high probability with lower magnitude ground motions (which occur much more frequently compared to larger magnitude ground motions). The probability that a lower magnitude earthquake will be in the form of a pulse was low. Hence, the overall probability that a smaller value of drift angle was exceeded due to a pulse component also decreased. It is worth noting that the probability of having a pulse depends on the distance between the point on the fault closest to the site and the epicenter (R), the length of rupture (S), and the angle between the strike of the fault and the line joining the epicenter to the site (θ or theta). Lower magnitude earthquakes have smaller median fault rupture lengths; hence, they have a lower probability to be in the form of a pulse. High values of drift angle would be exceeded only with larger magnitude earthquakes that have a higher probability of having a pulse. However, such high magnitude ground motions have a lower probability of occurrence, resulting in a lower overall probability that a large drift angle is exceeded as a result of a pulse or non-pulse component. Figure 12 shows a comparison of the probability of exceedance calculated using all four PSDA methodologies. For the site at 6 km (Figure 12a ), all the methods yielded similar results for drift angles smaller than 0.5%. Beyond that, the time-domain PSDA yielded higher values of λ EDP compared to the other three methodologies. This was because the time-domain approach captured resonance in a better way (by using Ap and Tp as intensity measures) as compared to other methodologies and was, thus, able to better capture non-linearity at higher drift levels. In addition, beyond a drift angle of about 0.5%, the enhanced broadband PSDA yielded higher values of λ EDP compared to the traditional and broadband PSDA methodologies. This happened because at higher drift levels, a major contribution to EDP exceedances came from the pulse-like component that was only captured by the enhanced broadband approach. This implied that it was important to capture the differences in structural responses to non-pulse-like and pulse-like motions (Figure 8 ). At progressively larger distances from the fault (Figure 12b-d) , trends similar to those discussed for the site at 6 km were observed. However, the probability of exceeding a particular drift angle became smaller compared to those of a site at 6 km. Also, with increasing the distance between the epicenter and the site, the difference in the probability of exceedance calculated using the new PSDA and enhanced broadband kept decreasing, indicating the reduction in contribution of pulse-in components at this distance. be exceeded with a high probability with lower magnitude ground motions (which occur much more frequently compared to larger magnitude ground motions). The probability that a lower magnitude earthquake will be in the form of a pulse was low. Hence, the overall probability that a smaller value of drift angle was exceeded due to a pulse component also decreased. It is worth noting that the probability of having a pulse depends on the distance between the point on the fault closest to the site and the epicenter (R), the length of rupture (S), and the angle between the strike of the fault and the line joining the epicenter to the site (θ or theta). Lower magnitude earthquakes have smaller median fault rupture lengths; hence, they have a lower probability to be in the form of a pulse. High values of drift angle would be exceeded only with larger magnitude earthquakes that have a higher probability of having a pulse. However, such high magnitude ground motions have a lower probability of occurrence, resulting in a lower overall probability that a large drift angle is exceeded as a result of a pulse or non-pulse component. by the enhanced broadband approach. This implied that it was important to capture the differences in structural responses to non-pulse-like and pulse-like motions (Figure 8 ). At progressively larger distances from the fault (Figure 12b-d) , trends similar to those discussed for the site at 6 km were observed. However, the probability of exceeding a particular drift angle became smaller compared to those of a site at 6 km. Also, with increasing the distance between the epicenter and the site, the difference in the probability of exceedance calculated using the new PSDA and enhanced broadband kept decreasing, indicating the reduction in contribution of pulse-in components at this distance. Figure 13 shows the results of the proposed time-domain PSDA. The contributions of four different contributors to total demand are also shown separately ((non-NS), (NS-NP), (NS-P-in), and (NS-P-out)). As in the case of Figure 9 , for smaller drift angles, the NS-NP component had the highest probability of exceedance. For higher drift angles, most of the contribution to the hazard was coming from the NS-P-in scenario, pointing to the importance of such scenarios in the hazard calculations. As the distance to the fault increased, the probability of exceeding a given drift angle decreased overall. Figure 14 shows distance-magnitude deaggregation plots for a drift angle of 1% (which was an arbitrarily selected value for demonstration purposes). Figure 14a shows the distance-magnitude deaggregation plots for a site located at a distance of 6 km from the fault. Contributions from different component of the New PSDA are shown. As expected, the main contribution to the hazard came from the near-source scenario. The NS-P-in component represented about 58% of total hazard, which was the highest contribution to the hazard. The next highest contributor to the total hazard was the NS-P-out component that represented 24% of the total hazard. The NS-NP contributed 18% to the total hazard, making it the third highest contributor. The contribution from Non-NS was insignificant in this case, and it represented 0.0% of the total hazard. The non-near source scenarios were the ones with source-to-site distances greater than 60 km. Given the length and the location of the fault, and the location of the site, any fault rupture that was at a distance greater than 60 km from the site would have a small fault rupture length, and would therefore result from a smaller magnitude earthquake. Since small magnitude earthquakes at a large distance would not be able to drive the drift of the bridge more than 1%, no contributions from the non-near source scenario to the total hazard are seen.
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Another important feature in the graph for near-source motions with dominant pulses (NS-P-in) for 6 km was that the maximum contribution to demand was coming from low-magnitude earthquakes at smaller distances, as opposed to what was observed in the other deaggregation plots. The reason for this trend was that the lower magnitude earthquakes occurred with higher probabilities, and the pulses from these earthquakes led to a high probability of exceeding drifts of 1%. However, NS-P-out and NS-NP components of small ground motions had lower probabilities of exceeding a drift angle of 1%. Therefore, the total probability that this drift level was exceeded by an NS-P-out and NS-NP component for a small magnitude earthquake was lower than for higher magnitude earthquakes. In the total hazard plot (Figure 14a ), the maximum contributor was also the lower magnitude earthquake at short distances. This highlights the importance of lower magnitude earthquakes for structures located in the proximity of a fault.
At a distance of 11 km (Figure 14b ), the NS-P-in contributions were 46% of the total, lower than the value at 6 km, but still higher than all other components at this distance. As explained earlier, the NS-P-in components of lower magnitude earthquakes contributed significantly to the hazard. However, the higher magnitude earthquakes were contributing more to the total hazard, as the contribution of NS-P-out and the NS-NP components had increased compared to those calculated at a distance of 6 km. As the distance between the source and the fault increased (Figure 14c,d) , the contribution of the NS-P-in components to the total hazard decreased. In addition, the contribution of the NS-NP component and higher magnitude earthquakes to the total hazard increased with increasing the distance between the site and the fault. Figure 15 shows the distance-magnitude deaggregation plots for 1% drift level from the four different methods, mentioned earlier. At a site to fault distance of 6 km, the traditional, broadband, and enhanced broadband models followed the same trend, that higher magnitude earthquakes contributed more to the total hazard; however, the new PSDA method showed that smaller magnitude earthquakes contributed more to the total hazard (Figure 15a) . At a site-to-fault distance of 11 km, all the four models showed that most of the hazard was due to higher magnitude earthquakes (Figure 15b) . However, the new PSDA model showed that low-magnitude earthquakes significantly contributed to the total hazard, which differed from the other models. At site-to-fault distances of 16 and 21 km (Figure 15c,d) , all four models showed that the largest contributions to the hazard came from larger magnitude earthquakes since low-magnitude earthquakes occurred at large distances from the bridge, resulting in small drift angles. Figure 16 shows the pulse amplitude deaggregation plots of the pulse-in component of the new PSDA. The figure illustrates the contribution of various amplitudes and periods of pulses to the NS-P-in component of the hazard. In Figure 16a , which is for a site located at a distance of 6 km from the fault, it can be seen that the highest contribution was coming from the periods in the range of 0.75 s and 1.00 s (centered at 0.875 s). This was because a structure was set into resonance whenever the pulse period was equal to the period of structure. The period of the bridge in the current study was 0.8 s. Therefore, a pulse with this period would contribute the most to the NS-P-in component of the hazard. Even though pulses with higher amplitudes induced larger drifts, the probabilities with which they occurred were lower, thus, their total contributions to the hazard were lower. This contribution decreased further as distance to the fault increased (Figure 16b-d , due to the even smaller probabilities of having these higher amplitude pulses in the ground motion). Thus, the contribution of lower amplitude pulses to the hazard increased.
fault, it can be seen that the highest contribution was coming from the periods in the range of 0.75 s and 1.00 s (centered at 0.875 s). This was because a structure was set into resonance whenever the pulse period was equal to the period of structure. The period of the bridge in the current study was 0.8 s. Therefore, a pulse with this period would contribute the most to the NS-P-in component of the hazard. Even though pulses with higher amplitudes induced larger drifts, the probabilities with which they occurred were lower, thus, their total contributions to the hazard were lower. This 
Conclusions

This paper presented a methodology for PSDA analysis for a self-centering bridge located in the near-fault zone. An example is presented using a hypothetical fault in which analyses with different degrees of sophistication were conducted. The following conclusions were made:
• Pulse-like ground motions impose a heavy demand on the structure in the near-fault zone. This highlights the importance of properly considering these types of motions when designing bridges in the near-fault region.
•
The time-domain approach proposed by Sehhati et al. [16] has the advantage over other methods of PSDA as it uses wavelet pulses to predict structural responses, which allows for the prediction of structural responses for all possible variations of pulse-parameters. This, in turn, permits the capture of potential resonances in the bridge response. Moreover, structural nonlinearities are automatically accounted for in time-domain analyses, whereas in using spectral accelerations, nonlinearities are only captured indirectly. The results of the time-domain analyses, thus, give a better prediction of hazard for sites located in a near-fault region
The results of the PSDA showed that for a site located very close to the fault (6 km in this study), small magnitude earthquakes can have significant contributions to structural demand. This observation seems counter-intuitive at first since the results from all methodologies, other than the time-domain approach and conventional wisdom, point to the fact that large magnitude events should contribute most to the hazard. But, if the period of the bridge is closer to the period of the pulses produced by small magnitude events than those produced by large magnitude events, the response of the bridge to small magnitude events may be comparable to the response under large magnitude events. A similar effect is discussed in Somerville [37] . Since the smaller magnitude events occur with greater frequency than larger magnitude events, they can have high contributions to the hazard. The possibility of contribution of small magnitude events to the hazard should be considered while selecting ground motions or while deciding the design scenarios.
If a return period of 2475 years is considered, the drift values that were obtained from the time-domain PSDA were more than 30% higher at short distances from the fault than those from methodologies using spectral accelerations modified for near-fault effects. However, this difference reduces to about 15% at a distance of 11 km. This difference keeps getting smaller as the fault to site distance increases, and beyond distances of 16 km the difference is less than 5%, even with the high seismicity rate considered here. For more realistic seismicity rates, the difference would be even lower (i.e., for the ground motion prediction models used in this study, the effects of near-fault ground motion were insignificant for sites located more than 16 km from the fault). At such sites, more traditional methods using spectral accelerations as the intensity measure could be adopted for the hazard calculation instead of the more computationally expensive, proposed time-domain analyses.
While this paper presents a comprehensive analysis of the probabilistic seismic hazard of a bridge designed using unbonded, post-tensioned, concrete-filled FRP tube columns, more case studies need to be investigated to develop a more comprehensive overview of these types of bridges. Parameters such as different span lengths, column heights, boundary conditions, soil-structure interaction, level of post-tension, etc., need to be carefully considered in the proposed case studies. Funding: This research received no external funding.
Conflicts of Interest:
The authors declare no conflict of interest. 
Abbreviations
IM
Intensity measure dλ Slope of the mean annual rate of exceedance curve (e.g., the hazard curve) of the IM EDP Engineering demand parameter P(EDP>x|IM) Conditional probability of exceeding a given EDP level for a given IM T 1
Fundamental Time of the envelope's peak
